Two decades of research suggest social relationships have a common evolutionary basis in humans and other gregarious mammals. Critical to the support of this idea is growing evidence that mortality is influenced by social integration, but when these effects emerge and how long they last is mostly unknown. Here, we report in adult female macaques that the impact of number of close adult female relatives, a proxy for social integration, on survival is not experienced uniformly across the life course; prime-aged females with a greater number of relatives had better survival outcomes compared with prime-aged females with fewer relatives, whereas no such effect was found in older females. Group size and dominance rank did not influence this result. Older females were less frequent targets of aggression, suggesting enhanced experience navigating the social landscape may obviate the need for social relationships in old age. Only one study of humans has found age-based dependency in the association between social integration and survival. Using the largest dataset for any non-human animal to date, our study extends support for the idea that sociality promotes survival and suggests strategies employed across the life course change along with experience of the social world.
Introduction
The last few decades have delivered considerable evidence of an association between social relationships and mortality in humans [1] [2] [3] [4] . Although the overwhelming majority of studies to date have focused on links between sociality and longevity in older people [5] [6] [7] , new research has honed in on determining when these effects emerge and how long they last. Understanding when the association between sociality and survival appears, and how it progresses with age is critical because it allows researchers to pinpoint the biological and life-history mechanisms that underpin social relationships and to shed light on the consequences of variable social strategies. For example, the one study to date to determine how people's health is connected to sociality across the life course found that social network size was more important to physical health for young and elderly adults compared with the middle-aged [8] , suggesting that the putative benefits of social ties are not experienced midway through life or are offset by the particular demands placed on people during this period.
In animals other than humans, social relationships also appear to enhance longevity [9] [10] [11] [12] , intimating a common evolutionary basis across gregarious species [13] . Here, too, the social environment [14, 15] and the risk of mortality [16] are not uniformly experienced as individuals age. Yet whether the influence of social relationships on survival is consistent across the lifespan of non-humans remains unknown. This gap in knowledge exists in part because data that extend over sufficient periods of the life course of long-lived animals are exceedingly rare.
Here, we determine whether sociality predicts survival across the lifespan of a gregarious species of macaque. We use a large dataset spanning 21 years and including 910 adult female rhesus macaques (Macaca mulatta) from the Cayo Santiago field station in Puerto Rico. Freeranging, highly social animals like the Cayo Santiago macaques are an important system in which to explore the association between social relationships and biological success because, similar to contemporary human societies, the threat of predation and starvation are largely reduced, leaving navigation of the social milieu as one of the main challenges with which individuals must cope. In other words, free-ranging animals allow researchers to examine whether sociality predicts survival in isolation from other factors, in a system where the social environment is of critical importance. We use number of available closely related adult females as a proxy of social integration. As is common in many female-philopatric and nepotistic monkeys, female rhesus macaques preferentially form social relationships with close adult female kin and are more likely to assist female relatives in agnostic encounters [17] [18] [19] . We use a time-varying statistical framework that allows us to determine age-related changes in the association between sociality and mortality risk.
Our results confirm the presence of an age-dependent relationship between sociality and survival, showing that number of adult female relatives is related to the survival of prime-aged but not older adult female rhesus macaques. This finding motivated us to also characterize differences in the social behaviours of prime-aged compared with older females in order to begin to elucidate biological mechanisms underpinning this relationship.
Material and methods (a) Study subjects
Study subjects were members of the well-studied Cayo Santiago field station off the southeastern coast of Puerto Rico [20] . Subjects were females that were mature adults, i.e. 6 years old or greater [21] , living in 14 different social groups. We focused on 910 females that were alive between the years of 1992 and 2013, a period during which genetic parentage assignment was undertaken for all animals [22] and pairwise relatedness could be estimated with greatest accuracy. Demographic data were collected up to 5 days a week throughout the study period. For all females in the dataset, dates of birth were known to within a few days. Dispersal opportunities are limited to the island and dates of death were known within a few days for all females that died before the end of the study period (n ¼ 321). There is no regular medical intervention for sick or wounded individuals and thus the major causes of death at this provisioned and predator-free site are illness and injury [20, 23] . The maximum age observed was 31 years (figure 1).
(b) Measuring family network size
We used the number of adult female relatives that were present in a subject's social group in a given year as a proxy of social integration. In many mammals that form mixed-relatedness groups and where females are philopatric and nepotistic, such as rhesus macaques, females preferentially form social relationships with, and offer assistance in agonistic encounters to, their closest female kin compared with other group members [17] [18] [19] , giving rise to the probabilistic inference that female macaques with a greater number of relatives will have greater access to affiliative relationships and will be more likely to be supported in a fight. Observations of the realized social relationships of a subset of subjects were available but the small number of deaths in this reduced dataset (n ¼ 39) precluded robust survival analysis. Estimating access to social relationships and support using number of closely related females instead allowed us to generate the largest dataset in which to explore the association between sociality and longevity in a non-human animal to date (n ¼ 910 compared with n ¼ 204 in the largest previous study by Archie et al. [9] ).
The relatedness coefficient at which female rhesus macaques discriminate kin from non-kin varies depending on the type of interaction considered. Kin discrimination occurs at r 0.125 for affiliative interactions [24] and at r 0.063 for responses to vocalizations [25] . Moreover, although preferential associations occur at lower relatedness thresholds, pairs of females who are the most closely related, i.e. mother -daughter pairs and sisters, exhibit the strongest kin-bias [17] . In order to capture the richest measure of family network size, while recognizing that the value of female relatives may increase along with their degree of relatedness, we explored the relationship between survival and family network size using four grades of increasing relatedness thresholds, from r 0.063 to r ¼ 0.5. However, the results for the lower three grades of relatedness were similar to one another (electronic supplementary material, table S1 and figure S3 ) and thus we opt only to present results for the lowest (r 0.063) and highest (r ¼ 0.5) grades. Pairwise relatedness was extracted from the genetic pedigree database (details of the genetic parentage assignment at this site can be found in [22, 26] ).
(c) Testing family network size as a predictor of survival across the lifespan
We used two extended Cox proportional hazard models to evaluate whether number of adult female relatives was a predictor of survival. First, we used a model with time-dependent covariates [27] to establish the general relationship between number of adult female relatives and survival for all study subjects. Second, we used a model with both time-dependent covariates and a time-dependent coefficient [27] to diagnose whether the hazard coefficient in the relationship between number of relatives and survival was expressed uniformly over time-i.e. whether or not the hazard coefficient was non-proportional. These models included 5 441 years of data on 910 females, with a mean number of years of data per female of 7.22 years, range 1-26 (electronic supplementary material, figure S1 ). Both survival models included number of adult female relatives in a given year as a continuous predictor of survival to the following year and were run for each relatedness gradient. Critical to the design of this analysis is that it is rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170515
longitudinal and temporally predictive in nature. Longitudinal analyses buffer against confounding factors by allowing factors of interest to vary within individuals, reducing the influence of potential confounds that remain constant across an individual's lifetime; i.e. genetic endowment may affect differences in family network size and survival between females, but such factors are less likely to underpin changes in survival probability or family network size within females [8] . By following females throughout their adult life, we were able to evaluate survival in relation to differences in family network size within individuals; females entered our models as mature adults and left the model either because of death (n ¼ 321) or because they were removed from the island as part of population management or the study period ended before they died. We also explored the impact of group size and dominance rank on female survival. Low ranking females have been previously shown to have poorer survival outcomes in this population compared to their higher ranking counterparts [21] , while females in larger groups may experience reduced risks of mortality owing to the benefits of group-living [28] , such as protection from intergroup aggression. Group size and dominance rank data were only available for a subset of our data and thus these analyses were based on separate models. We examined group size effects using two variables: overall group size, which included all age and sex classes, and total number of adult females (electronic supplementary material, figure S4 ). This allowed us to account for the possibility that mortality risks are lower for females in groups with a greater number of adult females in general, regardless of the size of their network of relatives. We extracted annual group size data from the site's demographic database (N ¼ 442 females, 128 known deaths). We determined maternal dominance rank in accord with a previously established method [21] . In brief, because female macaques acquire the rank adjacent to that of their mothers, related descendants of a crown female ancestor (i.e. members of the same 'matriline') tend to be adjacent to one another in the hierarchy and the rank of a matriline is thus a proxy of individual dominance rank. Since matriline rankings are highly stable in rhesus macaques [29] , the known rank of a matriline can be extrapolated backwards in time to females for whom individual rank data are unavailable [21] . We used available data on pairwise agonistic encounters collected between 2007 and 2015 in four social groups. These groups were used because they contained more than one crown matriline, since females in groups with a single matriline have the same relative rank [21] . Deaths of females of known individual rank (n ¼ 39) were too few to perform a robust survival analysis. We established matrilineal ranks of 256 females, 95 of which had known dates of death.
(d) Identifying patterns of social behaviour across the lifespan
We used observations of female social behaviour to determine the association between sociality and female age. We conducted behavioural observations on 276 females over a period of five years (2010-2015) in six social groups and recorded grooming and aggressive interactions between female subjects and all other adult members of their social group. Raw rates of behaviours (number of interactions/hours observed) were adjusted using z-scores to allow comparisons across different groups of animals in different years [30] . Although the behavioural data only partly overlap with the data used in the survival models, our aim was to establish general patterns of behaviour for females of different ages and had no reason to believe these would diverge broadly with time. We ran linear mixed model regressions to account for repeated measures of individuals across years and fit these models using Markov chain Monte Carlo routines to account for the violation of the assumption of independence in relational data [31, 32] . We controlled for individual dominance rank, established using pairwise agonistic encounters, and number of adult female relatives (r 0.063) in all models. We examined female age as a continuous variable and also divided age into categories (prime-aged, old) in order to characterize the relationship between sociality and age as broadly as possible.
Results
(a) Family network size predicts survival in prime-aged, but not old, adult females
The overall relationship between family network size and survival was not significant (r 0.063, coefficient ¼ 20.01, p ¼ 0.340, figure 2a) . However, this effect was not constant across females of different ages (r ¼ 0.142, p ¼ 0.014). Visualization of the non-proportional hazard (figure 2b) revealed that a lack of relatives had a negative impact on survival early in adulthood-females with few adult female relatives had an elevated risk of mortality (i.e. a negative hazard coefficient)-while the hazard coefficient for number of adult female relatives was positive later in life. Further inspection showed that the hazard coefficient began to increase towards zero around the age of 18, which is the median age of death for females in this population. We, therefore, divided females into two categories: prime-aged (6-17 years old) and old (greater than or equal to 18 years old), and ran a new time-dependent model to confirm the locality of age-related differences [27] . This model showed that effect of family network size on survival was limited to prime-aged females (figure 2c). Prime-aged females with a greater number of adult female relatives had a greater probability of survival compared with prime-aged females with fewer relatives (coefficient ¼ 20.023, p ¼ 0.027). That is, each additional relative decreased a prime-aged female's probability of death from one year to the next by 2.3%, and prime-aged females with the mean number of close adult female relatives were 24.3% less likely to die than prime-aged females with no close adult female relatives. By contrast, family network size had no significant impact on survival in older females (coefficient ¼ 0.010, p ¼ 0.308, figure 2d ). When relatedness was restricted to include only motherdaughter and sister pairs, i.e. r ¼ 0.5, a somewhat similar pattern emerged. However, here family network size was a significant predictor of survival (coefficient ¼ 20.105, p ¼ 0.019, figure 2e) with females with the mean number of relatives for this threshold of relatedness (m ¼ 1.5) having a 34.0% lower risk of death than females without a mother, daughter, or sister in the group. But further inspection revealed this result continued to be driven by a significant association between sociality and survival in prime-aged (coefficient ¼ 20.140, p ¼ 0.026) but not older females (coefficient ¼ 20.068, p ¼ 0.280) (electronic supplementary material, table S1).
Neither overall group size nor the number of adult females in a group significantly impacted on survival (overall group size: coefficient ¼ 0.002, p ¼ 0.241; number of adult females: coefficient ¼ 0.001, p ¼ 0.786) and there was no evidence of non-proportional hazards for group size effects (overall group size: r ¼ 0.135, p ¼ 0.225; number of adult females: r ¼ 0.165, p ¼ 0.182). As expected, dominance rank significantly predicted survival (with a proportional hazard coefficient: r ¼ 20.029, p ¼ 0.774); females from low ranking matrilines experienced a 55% greater probability of death from one year to the next than high ranking females (coefficient ¼ 0.445, figure S5 ) and, critically, we found that the inclusion of dominance rank did not qualitatively alter the relationship between family network size and survival (figure 2d). That is, independent of the effects of dominance rank, family network size was a significant predictor of survival in prime-aged (coefficient ¼ 20.074, p , 0.001; electronic supplementary material, table S2), but not old, female rhesus macaques when relatedness was set to r 0.063. When relatedness was restricted to r ¼ 0.5, family network size was a significant predictor of survival independent of dominance rank for females from both age categories, although with a much stronger effect in 
Discussion (a) Sociality and survival
Social relationships are a hallmark of the behaviours of humans and many other gregarious animals, suggesting a shared evolutionary basis [13] . If social relationships serve a function and have been favoured by selection, then we expect them to be associated with proxies of evolutionary fitness, such as increased health, survival, or reproductive success. A small but growing number of studies in humans and other animals have linked social integration with health benefits [3] [4] [5] and reproductive outcomes, such as increased birth rate and offspring survival [26, 33, 34] . Longevity is also a major determinant of fitness, especially in long-lived species where variance in reproductive output is relatively low but variance in lifespan can be high [35, 36] . However, studies of how longevity is influenced by social relationships in non-human animals are exceedingly rare owing to the scarcity of datasets with sufficient representation of the lifespan. To date, there have only been four such studies: integration in the social network was positively associated with survival in 28 juvenile male bottlenose dolphins [11] ; reciprocal positive relationships were linked to reduced risk of death in 49 female laboratory rats [12] ; and survival outcomes in wild adult female baboons were positively associated with strong and stable social relationships with other adult females (n ¼ 44) [10] and with adult males (n ¼ 204) [9] . Using the largest dataset in non-human animals to date, we found that sociality is associated with reduced mortality risks during part of the life course of female macaques. Our results contribute to mounting evidence of a link between social relationships and longevity in gregarious species. Of course, these studies are correlational in nature and the causal link between social relationship and survival outcomes must be established; e.g. research must rule out the possibility that social isolation is more common in individuals who are unhealthy and thus their increased risk of death is because of illness, not because of a lack of social relationships. Some of the long-term research in humans has made strides towards this aim. For example, in a longitudinal study of older men and women, Steptoe et al. [5] excluded those who died shortly after recording their measures of social isolation as a means to exclude the terminally ill and thus reject the hypothesis of reverse causality. Yang and colleagues found that current social support from family and friends was associated with a later reduced risk of inflammation [37] and rate of grooming given rate of grooming received rate of aggression given rate of aggression received rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170515 that people with a low level of social integration were 13-54% more likely to be at risk for hypertension at a later point in time, exceeding the risk of hypertension that is associated with diabetes [8] . These studies are the first step towards showing that sociality leads to biological benefits via a causal impact on health. Being longitudinal and temporally predictive, this study also addresses issues of reverse causality and analytical confounds, such as a potential 'good genes' effect. By allowing changes in family network size within a female to influence future survival across her lifespan, the proper temporal order of the relationship of interest is ensured and the impact of confounding factors that remain constant across an individual's life is diminished. Familial identity is further accounted for by including matrilineal rank; female rhesus macaques attain a rank directly below their mothers, thus controlling for rank effects is a de facto way to evaluate the relationship between survival and family network size in a manner that is independent from the influence of some families having 'better' genes than others. Similar studies of non-human animals are largely lacking due to limitations in the availability of appropriate longitudinal data, but this is a direction for future research of critical importance.
Despite the common occurrence of differentiated social relationships within groups from a broad range of animal taxa, the ultimate function of these relationships, i.e. the mechanism through which biological benefits are realized, remains unclear [13] . One way to address this question is to explore the characteristics or types of social relationships that are associated with survival benefits. We estimated access to social relationships and support as the number of adult female relatives based on the well-established bias towards close kin in the formation of relationships by female Old World monkeys [17] . This metric excludes potentially important relationships between non-relatives [13] and is neutral to the quality of relationships, subsuming what may be both relatively weakly and strongly bonded pairs (which is typical in long-term studies of animal sociality: e.g. the composite sociality index [34] , although see [38] ). Regardless, the types of relationships that are important in non-human animals is an active area of debate and inquiry [39] and additional research in this direction promises to yield important new insights to the structure and function of animal social behaviour.
The unique characteristics of our field system may also provide some clues to the function(s) of social relationships. By creating an environment where the social sphere can be evaluated in isolation from other pressures, such as predation or drastic fluctuations in the physical environment [20] , we are able to attribute the impact of social support on biological success to the role that sociality plays in helping animals cope with challenges in the social environment, such as competition for food and mates. However, additional information is required to firmly pinpoint the function(s) of social relationships. One key source of such information is the role sociality plays in the lives of individuals with divergent social needs, such as individuals at different points in their life course.
(b) Are older females more socially skilled and thus less reliant on help from others?
We have shown that sociality largely has consequences for the survival of prime-aged but not older adult female rhesus macaques. This result may be explained by simple demographic patterns. Like humans [8] , older female rhesus macaques may be naturally more embedded in their social networks because they are more likely to have adult female offspring and grand offspring living in their groups, rendering social integration a non-discriminating factor in later years. Demographic patterns also inherently lead to a diminished representation of animals in later life, which may make it more difficult to characterize the intersection between sociality and survival in older individuals. However, an alternative explanation stems from the experience animals can accrue with age. Recent studies have shown that social and ecological knowledge are enhanced in older individuals [15, 40, 41] . In our study, older female rhesus macaques were able to extract relatively more grooming from their group mates than they gave in return and were also better at avoiding being the targets of aggression. Older females at this site also spend less time vigilantly scanning the social environment compared with younger animals [42] . These results may indicate that older females are simply less socially active, perhaps owing to lower energy reserves or reduced social motivation. However, recent findings from another species of macaque show that, although older females have reduced involvement in some types of social interaction, they maintain a consistent level of social motivation [14] . Combined with our findings, these results suggest that older female macaques do not suffer from reduced social motivation, but instead draw on their experience to be more behaviourally selective. The enhanced skills of older individuals when it comes to coping with challenges in the social environment could obviate the need for help from others. The age-dependency of our results is also in accordance with the only study of humans [8] to examine this topic to date and highlights the need for future research to consider that the influence of sociality on survival will not always be uniformly expressed across the life course.
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